ABSTRACT-It has been previously shown that the inducible nitric oxide (NO) synthase (iNOS; NOS-2) is elevated after hemorrhage, and that iNOS-derived NO participates in the upregulation of inflammation as well as lung and liver injury postresuscitation from shock. The purpose of this study was to elucidate the time course of iNOS mRNA expression, as well as the cellular and subcellular localization of iNOS protein in the liver posthemorrhage in rats subjected to varying durations of hemorrhagic shock (HS; mean arterial blood pressure [MAP] = 40 mmHg) with or without resuscitation. Expression of iNOS mRNA in rat liver by real-time reverse transcriptase (RT)-PCR demonstrated iNOS upregulation in shocked animals as compared with their sham counterparts as early as 60 min after the initiation of hemorrhage. By 1 h of HS, iNOS protein was detectable in rat liver by immunofluorescence, and this expression increased with time. Immunofluorescence localized iNOS primarily to the hepatocytes, and in particular to hepatocytes in the centrilobular regions. This analysis, confirmed by immunoelectron microscopy, revealed that iNOS colocalizes with catalase, a peroxisomal marker. Furthermore, we determined that iNOS mRNA is detectable by RT-PCR in liver biopsies from human subjects with HS (MAP < 90 mmHg) associated with trauma (n = 18). In contrast, none of the seven nontrauma surgical patients studied had detectable iNOS mRNA in their livers. Collectively, these results suggest that hepatic iNOS expression, associated with peroxisomal localization, is an early molecular response to HS in experimental animals and possibly in human patients with trauma with HS.
INTRODUCTION
Hemorrhagic shock (HS) initiates a systemic inflammatory response involving the upregulation of cytokine expression and accumulation of neutrophils. One consequence of such changes is the potential for end organ dysfunction and damage, which are prominent in the lungs and liver. A delayed consequence of the initial hyperinflammation is a counter anti-inflammatory response that renders the host more susceptible to delayed infection, sepsis, and multiple organ failure (1, 2) . Inducible nitric oxide (NO) synthase (iNOS; NOS-2) is elevated after hemorrhage (3) (4) (5) . Moreover, iNOS-derived NO participates in the upregulation of inflammation immediately postresuscitation from shock and is associated with shock-induced lung and liver injury (5) . Inhibition of iNOS with the selective inhibitor N 6 -(iminoethyl)-L-lysine (L-NIL) resulted in a marked reduction of liver injury following HS. Animals deficient in the gene for iNOS also demonstrated reduced lung and liver damage after HS when compared with their wild-type counterparts (5) . A prominent feature of this study was the observation that the absence or suppression of iNOS resulted in a marked decrease in NF-B activation, cytokine mRNA expression, and neutrophil influx postresuscitation (5).
The observations described above suggest that the upregulation of iNOS during HS may occur rapidly. To assess the expression pattern of iNOS during HS, we examined the temporal characteristics of iNOS mRNA and protein in the liver after the initiation of HS. This analysis was coupled to experiments to define the cellular and subcellular distribution of the enzyme with the liver. To provide evidence for clinical relevance, we also tested for the expression of iNOS mRNA in liver biopsies from patients undergoing emergency laparotomy post-trauma. We demonstrate that iNOS mRNA is elevated by 60 min of shock and that iNOS protein is localized primarily to hepatocytes. Within hepatocytes, the protein is detected in both the cytosol and peroxisomes.
MATERIALS AND METHODS

Human tissue samples
This protocol was in accordance with the National Institutes of Health guidelines for human clinical studies and was approved by the Institutional Review Board of the University of Pittsburgh. Tru-cut liver biopsies were taken from 18 patients with trauma presenting to the University of Pittsburgh Medical Center from January 1, 1995 to January 10, 1996 who underwent urgent laparotomy for control of acute hemorrhage and abdominal injuries. All biopsies were performed within 3 h of presentation to the emergency room and were immediately frozen in liquid nitrogen and stored at -80°C until analysis. Sections from hepatic lobes resected electively from patients without trauma for metastatic disease served as controls. Total RNA was extracted from all specimens using the guanidinium isothiocyanate method (6) , and cDNA templates were synthesized by the reverse transcriptase (RT) reaction.
were obtained from Harlan (Indianapolis, IN). Fasted animals were anesthetized with a single intraperitoneal injection of pentobarbital (45 mg/kg). The animals were then restrained and a midline neck incision was made. The rats were then orotracheally intubated with a 14-gauge plastic Jelco catheter (Johnson & Johnson, Arlington, TX) for the purpose of maintaining a secure airway. The right carotid artery was cannulated for continuous blood pressure monitoring and blood withdrawal, and the left jugular vein was cannulated for fluid administration. After vascular cannulation, blood was aspirated into a heparinized syringe over a period of 15 min. This initial blood withdrawal brought the mean arterial pressure (MAP) from a baseline of approximately 120 mmHg down to 40 mmHg, thereby establishing moderate to severe shock. Total bleed-out volume was 7-9 mL. After this initial hemorrhage, blood was withdrawn and returned as needed to maintain a MAP of 40 mmHg for the duration of the shock period. Animals then underwent either an HS protocol or an HS with resuscitation protocol.
In the HS protocol, animals were maintained at 40 mmHg and were sacrificed after 1, 2.5, 3.5, or 5 h. In the HS and resuscitation protocol, the animals underwent 2.5 h of shock, after which they received the remainder of their shed blood plus two shed blood volumes of lactated Ringer's solution via the jugular venous catheter. The resuscitation fluids were administered over approximately 45 min, after which the animals were allowed to emerge from anesthesia and were returned to their cages. The return of the remaining shed blood plus two times the shed blood volume of crystalloid brought the MAP to normal levels of 120-140 mmHg. Animals were sacrificed 4 h after the initiation of resuscitation.
In both the HS and HS with resuscitation protocols, sham control animals underwent anesthesia, cannulation, and restraint for an identical period of time as shock animals, but did not undergo hemorrhage. During the hypotensive period, animals in both HS and HS + resuscitation protocols received a continuous intravenous infusion of lactated Ringer's solution (pH 7.4) at a rate of 1 mL/h.
Isolation of liver and tissue processing
After completion of the respective protocols, animals were sacrificed by CO 2 asphyxiation and livers were removed. A portion of each liver was immediately cryopreserved in liquid nitrogen and was stored at -80°C until molecular analyses were performed. The remaining portion of liver tissue was placed in a solution of 2% paraformaldehyde in 1× phosphate-buffered saline (PBS) at 4°C for 6 h, followed by overnight storage in a 30% solution of sucrose in 1× PBS at 4°C. The fixed tissues were then cryopreserved in liquid nitrogen-cooled n-methylbutane and were stored at -80°C for later sectioning and immunohistochemical analysis.
RT-PCR analysis on human liver samples
Total RNA (2.5 g) was subjected to first-strand cDNA synthesis using oligo (dT) primer and Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitrogen-Gibco, Carlsbad, CA) as described elsewhere (7) . Primers were designed to amplify rat ␤ actin and iNOS with the assistance of a PCR primer design program (PCR Plan; Intelligenetics, Mountain View, CA). The sequences of the human and rat cytoplasmic ␤−actin 5Ј and 3Ј primers were TTCTACAATGAGC-TGCGTGTG and TTCATGGATGCCACAGGATTC, respectively. The sequence of the iNOS 5Ј primer was TTGGGTCTTGTTAGCCTAGTC, corresponding to nucleotide numbers of the 114-134 bp of the rat iNOS cDNA sequence (Adachi 93). The sequence of the iNOS 3Ј primer was TGTGCAGTCCCAGTGAGGAAC, corresponding to nucleotide numbers 375-355. PCR conditions were as follows: denaturation at 94°C for 1 min, annealing at 57°C for 2 min, and polymerization at 72°C for 2 min. PCR reactions were performed in a DNA thermal cycler (PerkinElmer, Norwalk, CT) using different numbers of cycles to detect a linear range of input RNA. The optimal cycle number was identified as 30 cycles. The PCR products (5% of reaction volume) of qualitative RT-PCR reactions were separated electrophoretically on a 1.75% agarose gel and were stained with ethidium bromide.
Real-time RT-PCR analysis on rat liver samples
Quantitative RT-PCR was carried out on a 7700 Sequence Detector (Applied Biosystems, Foster City, CA) using the ⌬⌬C T method of calculating relative expression as described previously (8-10). Duplicate RNA aliquots (100 and 400 ng) were reverse transcribed using random hexamers, and expression of the target genes was calculated relative to 18S rRNA as an internal control. All PCR reactions were carried out in duplicate on each RT reaction and the average ⌬⌬CT was used to calculate relative expression. Reactions without reverse transcriptase (No-RT controls) were run for each sample at the higher RNA input to ensure that signal detected was not from contaminating genomic DNA. The primers used are described in Table 1 . Primer concentrations were 500 nM (iNOS) and 100 nM (18S).
Confocal imaging
Liver cryosections (5 m) were collected onto gelatin-coated slides and were rinsed 3× in PBS, rinsed 3× in PBS containing 0.5% bovine serum albumin and 0.15% glycine (PBG), and were then blocked in 20% nonimmune goat serum in PBG for 30 min at room temperature. Primary antibodies, mouse anti-iNOS (Santa Cruz Biotechnology, Santa Cruz, CA, used at 1:50), and rabbit anti-catalase (Rockland, Gilbertsville, PA, used at 1:1500) were diluted in PBG and were incubated on sections for 60 min at room temperature. Sections were washed five times in PBG and then in secondary antibodies in PBG (goat anti-rabbit Cy3 used at 1:3000 [Jackson ImmunoResearch, West Grove, PA]) and goat anti-mouse Alexa 488 used at 1:500 (Molecular Probes, Eugene OR) were added to sections for 60 min at room temperature. Tissue was washed three times in PBG, three times in PBS, cover slipped using gelvatol [23 g of poly(vinyl) alcohol 2000, 50 mL of glycerol, and 0.1% sodium azide to 100 mL of PBS], and viewed on a confocal microscope (Leica, Malvern, PA).
Immunoelectron microscopy
Control, nonmanipulated liver and livers from rats hemorrhaged for 1, 2.5, 3.5, and 5 h were perfused with 2% paraformaldehyde and 0.01% gluteraldehyde in 0.1 M PBS and were stored at 4°C for 1 h. Pieces of the fixed liver tissue (1 mm 3 ) were infused with 2.3 M sucrose in 0.1 M PBS overnight at 4°C. Tissue was frozen on ultracryotome stubs under liquid nitrogen and was stored in liquid nitrogen until use. Ultrathin sections (70-100 nm) were cut using a Reichert Ultracut U microtome with a FC4S cryoattachment, lifted on a small drop of 2.3 M sucrose, and mounted on Formvar-coated copper grids. Sections were washed three times with PBS, three times with PBS containing 0.5% bovine serum albumin, and 0.15% glycine (PBG), followed by a 30-min incubation with 5% normal goat serum in PBG. Sections were labeled with rabbit anti-bovine catalase (1:1500) and monoclonal anti-rat iNOS (1:50) in PBG for 1 h. Sections were washed four times in PBG and were labeled with goat anti-mouse (5 nm) and goat anti-rabbit (10 nm) gold-conjugated secondary antibodies (Amersham, Piscataway, NJ), each at a dilution of 1:25 for 1 h. Sections were washed three times in PBG, three times in PBS, and were then fixed in 2.5% gluteraldehyde in PBS for 5 min, washed two times in PBS, then washed six times in sterile water. Sections were poststained in 2% neutral uranyl acetate for 7 min, washed three times in sterile water, stained for 2 min in 4% uranyl acetate, and then embedded in 1.25% methyl cellulose. Labeling was observed on an electron microscope (JEM 1210; JEOL, Peabody, MA) at 80 kV.
Statistics
Unless otherwise indicated, data are presented as mean ± SEM. Comparisons of means were performed using analysis of variance (ANOVA). For analysis of realtime RT-PCR results, the following procedure was used. Relative iNOS mRNA expression was transformed to a distribution that was more Gaussian and more homoscedastic. The transformation selected was a back transform to ⌬⌬Ct by taking the negative of the base 2 logarithm of iNOS mRNA expression. The experimental design was a two-way, completely randomized factorial design. The factors were treatment group (shock or control) and duration of bleeding/anesthetization (60, 90, and 150 min, and 150 min with resuscitation at 4 h). Between five and six rats were assigned to each of the eight groups formed by crossing treatment and duration. Analysis of data was conducted with a two-way ANOVA. Treatment by duration interaction was tested and considered significant, prompting further tests of treatment group differences by duration and duration differences by treatment group. In addition, orthogonal polynomial contrasts were tested within the treatment groups.
Reported P values pertain to F or two-tailed t tests for the transformed data.
RESULTS
iNOS mRNA and protein expression is increased in the livers of shocked rats
Others have demonstrated that iNOS activity is increased in several tissues, including the liver, following HS alone (3). (Fig. 1) . The elevation in iNOS mRNA expression in shocked animals was marginally significant (P ‫ס‬ 0.060) at 90 min and highly significant at 150 min of HS with resuscitation at 4 h (P ‫ס‬ 0.020), but not at 60 or 90 min.
iNOS protein in the livers of shocked rats
To characterize the cellular and subcellular expression of iNOS, immunostaining for iNOS was performed on liver sections from shocked (n ‫ס‬ 3) and sham-shocked (n ‫ס‬ 3) rats. In sham rat livers, iNOS staining was absent or minimal. In the livers of shocked animals, however, iNOS staining was evident; interestingly, a punctate immunostaining pattern of iNOS protein was observed (Fig. 2) . The staining was localized to hepatocytes rather than to other cell types within the liver. The most intense staining was seen in the hepatocytes in the centrilobular region, surrounding the central veins (CV). Importantly, protein expression was evident by 1 h and increased with time using this analysis (Fig. 2) . We have previously shown in endotoxemia that iNOS localizes to peroxisomes in hepatocytes (11) . To establish if iNOS expression was peroxisomal in HS, we determined if iNOS is colocalized with catalase, a prominent constituent of peroxisomes. The bottom panels of Figure 2 demonstrate iNOS staining in sections from animals that underwent 5 h of HS. The right panels show catalase staining, the left panels show iNOS staining, and the merged images in the central panel demonstrate a significant amount of colocalization of iNOS and catalase within the same cells. It is important to note that not all cells expressed iNOS protein, but where iNOS was present, it often colocalized with catalase. Western blot analysis with antiiNOS antibody of whole liver from rats subjected to HS for 5 h confirmed the presence of a ∼135 kD band (data not shown).
iNOS colocalizes with catalase in hepatocytes of shocked rats
The punctate nature of the iNOS staining suggested that iNOS is contained within, and not simply associated with, the external portion of the peroxisome. To examine the suborganellar localization of iNOS in peroxisomes at higher resolution, immunogold labeling and electron microscopy were performed (Fig. 3) . Anti-iNOS immunoreactivity was broadly distributed in association with structures having the characteristic appearance of peroxisomes, as determined by the presence of the urate oxidase crystalline core of the peroxisome (Fig. 3) . This analysis suggested that iNOS is found in the matrix of the peroxisome, and not in the core, which consists mostly of urate oxidase crystals. It should also be noted that iNOS immunoreactivity was not detected in preferential association with the plasma membrane, nucleus, nuclear lamina, endoplasmic reticulum, or mitochondria.
iNOS expression is increased in the livers of human patients with trauma
To establish the clinical relevance of iNOS upregulation following HS (MAP < 90 mmHg) associated with trauma, we analyzed tissues from liver biopsies in hypotensive patients with trauma and in surgical patients without trauma for the presence of iNOS mRNA. Liver biopsies were obtained from a total of 25 patients. Eighteen of these were patients with trauma who were hypotensive (MAP < 90 mmHg) for a period of 60-120 min before undergoing emergency abdominal laparotomy. Seven of these patients were patients without trauma undergoing elective liver resection for metastatic disease, and therefore served as controls. RT-PCR analysis clearly demonstrated that iNOS mRNA was present in all samples from hypotensive patients with trauma, but was not detected in the liver samples of patients without trauma (Fig. 4) .
DISCUSSION
This study was undertaken to characterize the time course and distribution of iNOS expression during HS. Our findings indicate that hepatic iNOS expression is an early molecular response to controlled HS in experimental animals, and also characterizes the early response of humans subjected to trauma. We have extended previous studies of rodent HS (3, 5, 12) by showing that iNOS mRNA is upregulated early during HS (within 60-90 min by real-time RT-PCR) and by immunofluorescence for iNOS protein by 1 h. The upregulation of iNOS during HS is consistent with the findings of Hierholzer et al. (5) and Menezes et al. (13, 14) , which demonstrate that several aspects of the inflammatory response following resuscitation from shock are dependent on iNOS-derived NO. Our studies also indicated that hepatic iNOS localizes primarily within peroxisomes of hepatocytes. Our studies in humans confirm that trauma-induced hemorrhage is sufficient to lead to the expression of iNOS mRNA in humans, providing some insight into the clinical relevance of the rodent observations.
Detection of iNOS by immunohistochemistry in HS has not been described previously. Our immunohistochemical analysis confirmed the increased expression of iNOS protein in the livers of hemorrhaged rats by 1 h of shock and also demonstrated distinct cellular localization of this protein. It appears that iNOS is mainly contained within the hepatocyte, and the pattern of staining is heterogeneous, with some hepatocytes demonstrating no iNOS staining, whereas others stain intensely. However, it is evident from the low magnification views that iNOS is most concentrated in the centrilobular regions, immediately surrounding the central veins. We would speculate that hypoxia is involved in the upregulation of iNOS because the central lobular region would be the most hypoxic within the hepatic lobule. Previous studies have suggested that hypoxia can contribute to the induction of iNOS (15) (16) (17) (18) . Such a role of hypoxia is likely to be additional to that of inflammatory mediators known to be released in the process of hemorrhagic shock (1, 2) .
Our immunohistochemical and immunoelectron microscopy analysis revealed that iNOS colocalizes with catalase. As previously mentioned, not all hepatocytes contain iNOS, but where iNOS is present, catalase is present also. The implications of this finding are also unclear, but represent a fascinating area of potential investigation. We have previously shown that iNOS localizes to peroxisomes in hepatocytes treated with a cytokine mixture TNF-␣, IFN-␥, and IL-1, a condition that mimics septic shock in vitro (11) . Other reports of iNOS expression in various cell types under different conditions have localized iNOS to various subcellular regions and structures, including the cytosol (19) (20) (21) (22) (23) , cytoplasmic vesicles and endoplasmic reticulum (22) , Golgi-like membranes (21) , and novel iNOS-bearing vesicles (24) . In our current study of liver tissue in a rodent model of HS, no iNOS staining was noted in cellular organelles other than peroxisomes, including the plasma membrane, nucleus, nuclear lamina, endoplasmic reticulum, or mitochondria. It is not surprising that iNOS is localized in peroxisomes, given the primary function of this organelle. Peroxisomes exist in all known mammalian cells with the exception of red blood cells, and one of their primary functions is to contain various antioxidant enzymes, one of which is catalase. The fact that iNOS and catalase coexist suggests that perhaps the peroxisome and its enzymes act to limit the damaging oxidative effects of iNOS-derived NO (25) . We are FIG. 3 . iNOS immunoelectron microscopy in livers of rats subjected to hemorrhagic shock. Rats were subjected HS or sham procedure. Liver sections were immunostained as described in "Materials and Methods". iNOS (arrowheads, small particles, 5 nm) staining is observed within with the matrix of the peroxisomes (P), not the crystalline core (C). Catalase (large gold particles, 10 nm) expression identifies the organelle as a peroxisome. Also of note is that iNOS staining is not evident in mitochondria (M). A, 2. currently characterizing peroxisomal iNOS in detail, and have demonstrated preliminarily that it is enzymatically active (P. Loughran, D. Stolz, S. Watkins, Y. Vodovotz, and T.R. Billiar, unpublished observations).
Our studies do not provide direct evidence for the mechanism of iNOS upregulation. There has been extensive research in the repletion of iNOS in hepatocytes in other settings, and it is known that high level of IL-1 (26) or a combination of cytokines (IL-1, TNF-␣, and IFN-␥) and LPS (27, 28) can induce iNOS. It is possible that TNF-␣ could reach high local concentrations in the liver within 60 min of shock, and this may synergize with hypoxia. As mentioned above, this is consistent with the early centrilobular expression of iNOS. However, we have been unable to detect iNOS upregulation in cultured hepatocytes exposed to hypoxia alone (data not shown). Therefore, other critical signals are also likely to be important. Importantly, we find that iNOS mRNA levels at 60 min are not different in sham and HS treatments. Previous studies have shown that the iNOS gene could be transcribed, but transcripts not accumulate in the steady state, and also not be translated to iNOS protein (28) (29) (30) .
It is clear from this study and our previous work (5, 13, 14) that HS causes the rapid expression of functionally important levels of iNOS in hepatocytes, and contrary to initial views, neither major inflammatory nor septic stimuli are required for hepatocytes to express biologically significant levels of this enzyme.
